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Abstract

:

Para-cycling is a sport including athletes with different disabilities competing on the track and on the roads using bicycles, tandems, tricycles, and handbikes. Scientific literature in this special population is scarce, especially in the field of sports nutrition. This review summarizes the physiological aspects and demands of para-cycling. This information together with the existing literature on nutritional interventions in this population, helps to discuss the nutritional considerations. To date, only a limited amount of recommendations are available for this population. In most para-cycling athletes, a reduction in active muscle mass and consequently a reduction in resting energy expenditure occurs, except for visually impaired athletes. Furthermore, carbohydrate and protein intake and hydration, supplementation, heat, and weight loss need to be tailored to the disability-specific adaptations such as the reduced active muscle mass, neurogenic bladder, and bowel, a reduced metabolic cost during exercise, and a higher risk of micronutrient deficiency.
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1. Introduction


Compared to the Olympics, Paralympic athletes represent a minority under all professional athletes. However, Paralympic sports development was huge in the past few years, with an increasing number of athletes (e.g., Winter Games: 53 athletes in 1976 to 569 athletes in 2018) competing at the Paralympic Games [1]. The athletes’ performance level and training volume developed impressively over the last decades [2]. Research on the material (e.g., prosthesis, carbon racing wheelchair, etc.) emerged, and World records got broken in the process [3,4]. However, research on sports nutrition in para-athletes is lacking, and therefore, evidence-based nutritional considerations are not available [5]. In contrast, health, training, and nutrition are affected by the unique physiological aspects of athletes with disabilities such as visual impairments, amputation, spinal cord injuries (SCI), cerebral palsy (CP) as well as other disabilities [6,7,8]. For example, athletes with SCI show reduced energy expenditure during rest and exercise due to a lower amount of active muscle mass [9]. Physiological mechanisms behind training adaptations on a muscular, cardiovascular or metabolic level might be the same as in able-bodied athletes. Therefore, fueling strategies need to be tailored to the individual demands of the sport itself and the specific disability type of the athlete. Para-cycling is a sport that includes several disabilities classifying them into different categories (Table 1). This review aims to summarize the physiological consequences of the different disabilities and relate them to nutritional considerations. This should help to identify future research questions and provide some practical considerations when working with para-cycling athletes.




2. Disability-Specific Physiological Aspects in Para-Cycling Athletes


2.1. Spinal Cord Injury


The incidence of a SCI leads to an involuntary loss of sensory, motor, and autonomic function [12]. The loss of motor innervation results in a loss of active muscle mass, increased fat mass, and decreased bone mineral density in the affected extremities [13]. The physiological aspects and demands of different wheelchair sports lead to distinct adaptations and bring about different body composition types [14]. Handcycling athletes showed a substantially lower fat-free mass (46.1 ± 8.3 kg) [14] compared to professional cyclists (70.9 kg fat-free mass) [15]. The reduced active muscle mass affects the metabolic rate by decreasing resting energy expenditure (REE) [16]. Abel, Kroner, Rojas Vega, Peters, Klose and Platen [17] measured a REE of 1521.6 ± 294.0 kcal/d in handcycling athletes, whereas male able-bodied well-trained cyclists showed a REE of 1768 kcal/d [18]. This reduction in REE and metabolic rate during daily activities diminishes total energy expenditure (TEE) [9]. Counteracting this reduction with a lower dietary intake often leads to macro-and micronutrient deficiencies in elite athletes with SCI [19,20,21]. Moreover, a neurogenic bladder and bowel, gastrointestinal (GI) dysbiosis, and a longer GI transit time further affect nutritional composition and energy intake [22,23]. Secondary complications such as urinary tract infections or pressure ulcers might lead to a loss of training days [24] and impair performance development.




2.2. Cerebral Palsy


This disability involves a movement dysfunction attributed to damage in the motor cortex, cerebellum, or basal ganglia. Athletes often show spasticity and reduced ability to stretch the extremities, ataxia, tremor, or an inability to control the movement. Further medical issues included pain, fatigue (i.e., inability to sustain power), degenerative arthritis, vision and hearing impairments, or oral malformation. In thirty individuals (non-athletes) with CP, total energy expenditure was measured using the doubly labeled water method as well as REE and dual-x-ray absorptiometry (DXA) to determine TEE [25]. The TEE was highly variable due to the ambulation status of the participants. Therefore, factors such as sex, ambulation status, body composition (i.e., fat-free mass), and other medical conditions need some consideration in CP. Furthermore, it is described that children with CP are at a high risk for under- or malnutrition, which has some further effect on bone health, growth, physical and cognitive development [26,27]. Nutritional assessment, including oral-motor function, body composition, and energy balance, seems to be crucial in children and athletes with CP [27].




2.3. Amputees


An amputation (e.g., lower-leg) reduces body mass, body surface area, and active muscle mass dependent on the amputation. Scaramella, Kirihennedige Scaramella, Kirihennedige and Broad [5] assume a reduction of REE in lower leg amputees due to the reduction in fat-free mass. No data is available for athletes with an amputation to confirm this hypothesis. Mengelkoch, Kahle and Highsmith [28] reported a higher energy cost in above-knee amputees compared to non-amputees during walking. No study on energy expenditure during cycling in athletes with amputation has been found. But it seems that there is a different gross efficiency in cycling with an amputation or neurological impairment compared to able-bodied cyclists [29]. This changes not only pacing but also leads to considerably different performance time between C1 to C3 compared to able-bodied athletes in 1 km time trial performance [29]. Thus, even with a higher energy cost during walking, power output during cycling might be lower, resulting in reduced daily energy expenditure.



Regarding bone health, a lower ground reaction force reduces bone load and results in a decreased bone mineral density [5]. In addition, there seems to be a higher risk for pressure sores, discomfort, and infection at the contact site of the prosthesis [6]. Particularly, this needs attention regarding training volume, fitting of the prostheses, and nutrition and infect prophylaxis.




2.4. Visual Impairments


The most common causes for visual impairments are degenerative eye disease, glaucoma, diabetic retinopathy, or cataract [6]. Visually impaired athletes show similar physiological conditions compared to their able-bodied counterparts, and it is not expected that REE is substantially reduced [6]. However, they often show a reduced physical performance and lower balance, and a lower VO2max in relation to the extent of the disability [30].





3. Physiological Demands of Para-Cycling


Disciplines of para-cycling include track and road racing similar to the Olympic cycling program (Table 1). Several disciplines are limited to some categories, as handcycling athletes are not allowed to compete on the track. Moreover, the differences between upper body (i.e., handcycling) and lower body exercise (i.e., cycling) result in a different exercise energy expenditure even though similar levels of glycogen depletion were reported in wheelchair athletes compared to able-bodied individuals [31]. In general, a 40 to 70% reduction in metabolic costs was found in various wheelchair sports compared to their able-bodied counterparts [9]. A summary of the exercise energy expenditure during handcycling and arm cranking is provided in Table 2. Most of these studies were performed with non-elite athletes, and therefore, a slightly higher metabolic cost can be anticipated in elite handcyclists. Athletes with minimal disabilities, such as visually impaired athletes, are expected to produce a similar metabolic cost for the same workload as their able-bodied counterparts. Professional able-bodied cyclists showed an energy cost of 11.5 to 14.9 MJ during preseason training sessions with a total energy expenditure of around 20 MJ/d [32]. Whereas daily energy expenditure of 32.3 ± 3.2 MJ/d was shown during a stage race [15]. Any para-cyclists will not reach those values due to shorter race duration and lower metabolic costs. Still, it shows that training or racing in para-cycling might result in high energy expenditure, especially during the preseason with a high training volume or during stage races.



A race analysis in para-cyclists (i.e., T2, C4, C5, and B (see Table 1)) revealed a mean time to complete 20 km of 36.7 min (power output: 199 ± 42 W) [33] whereas non-elite able-bodied cyclists completed the same distance in 30 min (mean power: 325 W) [34]. A recent review [35] summarized the time to complete the time trial at the Rio Paralympic Games in different handcycling categories for male and female athletes separately. Duration ranged between 27 and 31 min in the time trial and between 75 and 98 min in the road race. Even though race duration seems shorter due to a lower amount of active muscle mass, glycogen storage capacity seems to be lower [23]. Furthermore, athletes seem to rely more on CHO oxidation (Table 2) which shows the need for CHO fueling before and during a race [23].



In track racing, the data analyzed during several different World Championships and the 2016 Paralympic Games in Rio showed a duration of 70 s for 1 km [40]. Another study investigating the splits of C1 to C3 categories in Paralympic track cycling resulted in duration between 73 s (i.e., C3) and 82 s (C1) [29]. Corbett [41] showed a mean time of 63 s in elite able-bodied athletes competing in several World Championship races. These findings suggest that all athletes, whether competing in para-cycling or in Olympic track cycling, rely mostly on glycolytic energy production even though power output and speed are markedly different.




4. Nutritional Considerations for Para-Cycling Performance


The summarized data on disability-specific considerations and energy expenditure during exercise shows why an individual nutritional assessment is required for each athlete in order to give any nutrition-related recommendations. For each athlete, the disability and its consequence on GI functioning, metabolism, body composition as well as other secondary medical issues need to be assessed in a first step. One should also consider including the assessment of REE by indirect calorimetry and body composition (e.g., DXA-scan or sum of skinfolds) [6,16]. Information on muscle functioning (e.g., lesion level in SCI or medical diagnosis in other athletes with a disability) as an estimate for active muscle mass and glycogen storage capacity or ergospirometric data from performance diagnostics (where available) further help to estimate energy expenditure and fueling requirements during training and racing [23]. A nutrition plan for a para-cycling athlete with SCI (Table 3) exemplifies how to distribute energy intake regarding to training volume and content in an athlete with a reduced energy requirement (i.e., REE about 1450 kcal/d) but with the goal to maximize training adaptation [5].



Athletes with SCI might need some further attention concerning GI comfort, bowel management, appetite and satiety. Due to neurogenic bowel, an optimized GI management seems to be of interest in the athletes with GI disturbances (e.g., athletes with SCI) to minimize GI issues [22]. In addition, nutrition-related hormones might be altered as leptin levels were 32% higher in individuals with SCI compared to able-bodied individuals [42]. This affects satiety and eating patterns. In the past, it has been shown that the nutritional intake in Paralympic track and field athletes (e.g., amputation, CP and visual impairment) was poor regarding fruit and vegetables consumption [43]. In addition, in professional able-bodied cyclists, a 30% lower energy intake was observed compared to energy requirements during a 6-day preseason training camp [32]. In this study, carbohydrate intake was extremely low (13 g/h) during long endurance training sessions (e.g., 150 km) which exemplifies the poor adherence of athletes to sports nutrition guidelines. In further research, sports nutrition knowledge has been evaluated in able-bodied and wheelchair athletes and showed a lack of knowledge and understanding for the basic principles of nutrition in sports and exercise [44]. Consequently, the adaptation and education of general healthy nutritional practices and the development of sports nutrition knowledge is a priority when working with para-cycling athletes.



4.1. Micronutrients


Key micronutrients to consider in para-cycling athletes are the same as for able-bodied athletes. Iron is needed for oxygen transport, and therefore, an iron deficiency would diminish endurance performance [5,45]. As para-athletes per se are at a higher risk for low bone mineral density due to less weight-bearing activities and low impact forces [5], vitamin D and calcium intake are even more important compared to able-bodied athletes [46]. Furthermore, in elite wheelchair athletes from various disciplines, vitamin D deficiency occurred very often mainly because of skin protection through clothing and staying indoor due to impaired thermoregulatory function [20]. Micronutrient intake in Paralympic athletes [47,48] was lacking, especially nutrients such as iron, vitamin D, calcium, and potassium, and might be linked to low fruit and vegetable consumption [43] as well as low energy consumption in general [21]. To summarize, the intake and status of micronutrients should be considered with respect to physical performance and general health regardless of the disability.




4.2. Carbohydrate Intake as a Fuel for Performance


As a source for energy production, carbohydrate (CHO) storage and oxidation are extremely important before, during, and after training sessions (Table 4). Especially for high-intensity exercise performance, the glycolytic pathway through glycogen storage remains the primary energy source [45]. Nevertheless, the daily variation of the CHO intake based on training volume and intensity might be important to ensure optimal performance and body composition [49]. Those current guidelines (Table 4) need some adaptations to the demands of para-athletes. Glycogen stores in athletes with SCI, CP, or amputees might be smaller due to lower active muscle mass. Therefore, it seems reasonable that CHO guidelines for these athletes are tailored based on their active muscle mass, energy requirements, and fat-free mass. There is a need to differentiate between the energy/CHO needs of handcycling (e.g., upper body exercise) and other para-cycling athletes (e.g., lower body exercise). The amount of glycogen stored as well as the energy cost during the activity might differ. Furthermore, if gastric emptying [50] is reduced and GI transit time prolonged [51] in athletes with SCI, CHO guidelines for fueling during the day as well as during training or competition might change. Moreover, fueling guidelines need to be tailored to energy expenditure to prevent a positive energy balance and weight gain.



The main disciplines in para-cycling are road racing (up to 120 km), time trial (15 to 30 km), and the team relay (Table 1). For track cycling, shorter events such as 200 m sprint, 500 to 4000 m individual races, and scratch races (10 to 15 km) are scheduled. Para-cyclist would rely on endogenous CHO stores (e.g., liver and muscle glycogen) and exogenous supplementation (e.g., during road race) for energy production. No fluid or CHO intake is needed for shorter events (e.g., time trial, track races). A CHO loading (e.g., 10 to 12 g/kg/d for athletes with minimal disabilities) should be implemented in the 36 to 24 h preceding the road race to ensure optimal liver and muscle glycogen stores [45]. For the other disciplines, a carbohydrate-rich diet (7 to 10 g/kg/d) should be sufficient for CHO loading the day before the event. In addition, a light pre-event meal with a total amount of 1 to 4 g CHO/kg/d easily digestible CHO, low in fat and fiber, should be optimal for all other disciplines. Carbohydrate intake is extremely important to ensure a fast recovery and a glycogen refilling after the event. Therefore, the intake of 1 to 1.2 g CHO/kg/h for the next 4 h is recommended [45]. This is even more important during the World Cup or Paralympic Games, whereas athletes race two to three events over 3 days (e.g., handcycling: team relay, time trial, and road race). In professional able-bodied cyclists, low energy availability and poor CHO intake during and post-competition has been shown [54]. Thus, para-cycling athletes should apply optimized race nutrition and recovery plan, including refueling and rehydration.




4.3. Protein Ingestion to Support Adaptation and Recovery


As for CHO intake, literature on protein intake and supplementation in Paralympic athletes is scarce, although it is well-studied in able-bodied athletes [5]. From athletes without disabilities, it seems obvious that protein intake is important regarding lean body mass, repair, remodeling, and adaptation to strength training [45]. Not only the amount of protein is important, but also the quality and timing. Animal compared to plant-based sources are known to have a better profile of essential amino acids and might be more beneficial when it comes to muscle protein synthesis and adaptation [55]. Whey protein, as an example, is very well studied and most effective in a dose of 20 to 25 g/dose or 0.3 to 0.4 g/kg/meal to stimulate muscle protein synthesis to a maximal extent consumed following a strength training or an intensive session [45,56]. No study on protein supplementation and its effect on muscle protein synthesis following a training session has been performed in Paralympic athletes [57]. Nevertheless, it seems reasonable to implement a post-session protein intake (20 to 25 g of high-quality protein or 0.3 to 0.4 g/kg/meal) to enhance recovery and adaptation in athletes [58,59]. Moreover, planning three to four protein servings over the whole day might further help to improve overall muscle protein synthesis and to minimize muscle protein breakdown [56]. Overall protein intake is recommended to be at least 1.2 g/kg/d [57] in athletes with SCI und and between 1.2 up to 2.2 g/kg/d in athletes with a minimal disability or able-bodied athletes [56]. Protein intake should be increased in case of weight loss and energy restriction. In case of constipation or kidney disease, athletes should be cautious with protein intake [57]. Athletes with SCI and amputation suffering from pressure ulcers or sores might also increase their daily protein intake to 2.0 g/kg/d [60]. Conclusively, planning of protein-rich sources and their implementation into training and racing schedule might be important to induce optimal training stimulus, recovery, and lean body mass in para-cycling athletes. Low caloric protein options for athletes with reduced energy needs (e.g., cottage or curd cheese, dried red meat) might be good fueling sources to achieve protein goals.




4.4. Hydration


An hydrated state is a first step to optimizing performance in athletes [52]. Urine color seems to be a practical tool to check hydration status by the athletes through self-monitoring during the first urine in the morning. Only for athletes with visual impairment and those using urine collecting bags, urine color might not be optimal to rely on [52]. Thirst is a good indicator for the hydration status too. To ensure an appropriate hydration status, planning fluid intake would be beneficial. Furthermore, sufficient fluid ingestion can also prevent obstipation and urinary tract infections in athletes with SCI. Pritchett, Broad, Scaramella and Baumann [52] suggests consuming small salted snacks such as pretzels or fluids containing salt (20 to 50 mmol/L or 460 to 1150 mg/L) before exercise to help stimulate thirst and fluid retention.



As there is little evidence for the effectiveness of sports drinks in individuals with SCI [61], this does not imply that CHO solutions do not help to increase performance in these athletes. The metabolic cost of upper body exercise is lower compared to whole-body exercise. Therefore, the use of sports drinks needs to be applied according to energy expenditure and individual sweating capacities to prevent weight gain and overdrinking [62]. Furthermore, gastric emptying might be reduced in individuals with SCI, increasing the risk of GI side effects [50]. No study has investigated sweat rate in handcycling athletes with SCI. Price and Campbell [63] have assessed sweat rate and fluid ingestion at 31 °C in various wheelchair athletes. They found a sweat rate of 0.3 L/h in individuals with tetraplegia and 0.7 L/h in athletes with high and low paraplegia. In a professional cyclist, sweat rate was 1.4 L/h during ambient (19 °C, 49%rh) and 1.7 L/h in hot (30 °C, 60%rh) conditions [64]. Dependent on the disability, the sweat rate will be reduced in most para-cycling athletes with the highest reduction in athletes with a tetraplegia [63]. This shows why individual drinking strategies are warranted.



All para-cyclists, whether those with SCI, CP, visual impairment or amputees, should aim to prevent fluid loss to 2% of body weight loss [62]. It is recommended to use an individual approach to avoid overdrinking (e.g., athletes with low sweat rate), dehydration (e.g., high sweat rate), exercise-induced heat stress, maintain bladder and bowel routine and consider individual gastric emptying rate to avoid GI discomfort.




4.5. Weight Loss and Energy Availability


Optimizing weight and body composition to perform well is also an aim in para-cycling, especially for endurance events. Often, athletes will consume less energy to restrict calories to induce weight loss [65]. This might lead to micronutrient deficiencies [19,47] and to reduced energy availability [5,21,66,67]. Egger and Flueck [21] showed a low energy availability in wheelchair athletes from various disciplines with a higher prevalence in female athletes. A survey in para-athletes showed menstrual dysfunction and reduced bone health in this population [65]. Cycling as a sport per se seems to be susceptible to subclinical eating disorders with a high prevalence in male cyclists [68]. A chronic low energy availability induces acute or long-term health impairments such as suppression of hormone production, compromised immunity, GI discomfort, menstrual dysfunction, impaired bone health, a reduction in training response and adaptation, and psychological issues (i.e., depression) [69]. Very little is known about energy availability and its definition or signs and symptoms in athletes with a disability. Of particular concern are athletes with SCI who often show signs of low bone mineral density and menstrual dysfunction due to their disability [65]. It seems reasonable to plan weight loss over a longer time to ensure a sufficient nutrient intake and stay healthy while inducing weight loss. Possibly, the amount of a negative energy balance needs to be adapted in the case of Paralympic athletes with already reduced energy needs. As suggested by several different authors [70], a periodized nutrition approach might help achieve this aim in athletes with a disability. It is suggested to plan the nutrition around the training schedule and to fuel the athletes with energy when needed to ensure optimal training conditions and adaptations as well as to enhance recovery [70].




4.6. Supplement Use


During the 2004 Paralympic Games, para-athletes declared a 64% use of supplements or medication [71]. Similar results were obtained by Flueck and Perret [72], where 63% and 43% of the athletes responded to use dietary supplements during training or competition phases, respectively. Supplement use was shown to be even higher (more than 85%) in able-bodied athletes from various different sports [73]. One might expect an increase in supplement use in Paralympic athletes due to sport professionalism. See Table 5.



As mentioned above, individuals with SCI are at risk for micronutrient deficiencies. Thus, the use of dietary supplements in athletes with SCI is not surprising to counteract deficiencies. Performance-enhancing supplements such as caffeine, creatine, bicarbonate, and sodium nitrate/beetroot juice have not been studied extensively in athletes with SCI (Table 5). Due to the physiological adaptations following an SCI, including a prolonged GI transition [51], more type I muscle fibers in the upper extremities [84], and the physiological differences between upper and lower body exercise, studies investigating the effectiveness of the supplements in this population are needed. As an example, a reduced epinephrine and norepinephrine concentration was shown in individuals with SCI at rest and during exercise [85]. Following caffeine ingestion, Flueck, Lienert [75] showed a difference in epinephrine and norepinephrine concentrations in able-bodied, para- and tetraplegic individuals. Furthermore, 6 mg per kg body mass of caffeine ingestion did not increase mean power output during a 3-min all-out test in all individuals even though power output was higher in the first 30 to 60 s in able-bodied and paraplegic except for tetraplegic individuals. This shows that we need to be cautious when recommending performance-enhancing supplements to athletes with SCI. In contrast, athletes with an amputation or a visual impairment are not expected to show a different mechanism of action as compared to able-bodied athletes. Therefore, these athletes should adhere to the IOC’s common guidelines for supplement use [86]. The other athletes (i.e., SCI, cerebral palsy) should choose an individual approach through guidance with a sports nutritionist or a dietician to make an evidence-informed decision. Secondary complications (i.e., kidney problems), GI issues, or a drug interaction should be considered to avoid harmfulness (e.g., creatine).




4.7. Exercise in the Heat


The review by Griggs, Stephenson, Price and Goosey-Tolfrey [53] showed that para-cyclists are at the highest risk for heat-induced illness at the Paralympic Games in Tokyo. A number of different factors might contribute to this risk, including the environmental conditions, the characteristics of the sports itself (e.g., type, intensity, duration), the athlete’s fitness level, and the physical attributes (e.g., body composition). Clothing can further increase the risk for overheating due to a lower dissipation of heat through the skin and, as discussed above, the reduced ability to sweat in some individuals.



Several different studies and review articles have shown that individuals with a SCI have a reduced capacity to lose heat due to a lack of sympathetic vasoconstriction and a limited ability to redistribute blood [53,87]. Especially athletes with a SCI have a reduced ability to cool their body through sweat loss. This is mainly dependent on their lesion level and the completeness of the lesion. Thus, athletes with tetraplegia are at a much higher risk of heat-related illnesses than those with paraplegia [87]. This was shown in a case study of a handcycling marathon [36], whereas rectal core temperature increased to 40 °C during the race in the athlete with tetraplegia. Similar to athletes with a SCI; also athletes with CP might experience these issues due to physiological and cognitive differences [6]. A pacing strategy might be altered, and therefore, with a faster start, the risk for exercise-induced heat illness increases in extreme environmental conditions [53]. Moreover, athletes with an amputation show a reduced capacity to dissipate heat due to a lower skin surface and ability to sweat [6]. Furthermore, they show a higher ability to elevate heat production at the transition from the prosthetics to the limb. This has not been confirmed yet in para-cyclists using prostheses during racing. Finally, athletes with a visual impairment need feedback on urine color, pacing, and hydration strategies during the race, especially in hot conditions [53].



To summarize, all athletes participating in para-cycling races are at risk for heat-related illness [53]. They should regularly monitor hydration status through urine color, urine specific gravity, or personal assistance (i.e., visually impaired). Furthermore, individual sweat loss should be checked in similar environmental conditions as the major competition is expected to happen (e.g., pre-and post-exercise body mass and drinking volume during the session). In athletes with reduced sweat capacity, overdrinking should be prevented, and cooling strategies might induce heat loss. Cooling vests and garments and pre- or post-exercise ice slurries might help decrease body core temperature. Furthermore, the use of menthol as a perceptual cooling strategy needs to be considered [88]. However, these athletes, especially individuals with SCI, might be more prone to GI side effects due to altered GI function. It is advised to test all interventions prior to competition and to train the GI system to minimize side effects.





5. Practical Application


To ensure an evidence-based, impairment-specific nutritional counseling, the practical application is summarized in Table 6 regarding all discussed topics of this review. Energy demands should be estimated individually. It seems worthwhile to use indirect calorimetry to measure REE as no REE equation was developed for athletes with SCI or amputation [16]. Together with data from the training sessions and existing literature (Table 2) on energy expenditure during training [9], energy needs might be estimated in order to plan the nutritional intervention. A periodized nutrition approach [70] might further help to fuel for the specific training to enhance performance and optimize recovery without an excessive energy intake leading to weight gain. Before, during, and after high intensity or long endurance rides, athletes should make sure that they consume enough CHO in order to meet their requirements (Table 4). Furthermore, training their race fueling strategy might help decrease GI discomfort symptoms and train the GI system. Athletes should consume 4 to 5 servings of high-quality, protein-rich sources to support adaptation and recovery as well as to induce satiety (Table 4). To monitor body composition, the sum of skinfolds (without any equation) or the DXA scan might be applicable in para-cycling athletes. Hydration status might be checked and monitored using urine color and urine specific gravity [62]. The use of pre-and post-exercise body mass to calculate sweat rate and dehydration status during a training session. In all athletes but especially those with reduced sweat capacity (i.e., tetraplegia), cooling strategies (i.e., cooling vests and garments, ice slurries, and menthol) should be applied in hot conditions [53] to reduce the risk for exercise-induced heat illness. Especially during longer events (e.g., road race) and in extreme environmental conditions, cooling strategies should be implemented into pre/during/post nutrition strategy.




6. Limitations and Future Directions


This is the first review article summarizing the nutritional needs of para-cycling athletes. Scientific evidence in this population is scarce, and drawing any firm conclusion is difficult. The limited access to this population due to a lower number of athletes worldwide makes it difficult to develop population and sport-specific guidelines in terms of sports nutrition. Especially for upper body exercise and athletes with an impaired GI system (i.e., athletes with SCI), the optimal CHO intake during exercise, protein intake, and hydration need to be tailored individually. Furthermore, supplementation studies investigating the effectiveness of para-cycling are needed (e.g., long-term creatine supplementation, bicarbonate loading protocols to minimize GI issues, the effect of caffeine on endurance performance in SCI, etc.).




7. Conclusions


Para-cycling involves athletes with different impairment types in endurance (e.g., road) and high-intensity exercise (e.g., track) involving upper or lower body muscles, so nutritional advice needs to be tailored for each individual and sport-specific situation. This review showed how complex and difficult it is to consider all physiological adaptations and demands while giving nutritional recommendations for each disability or racing category. Especially, the balance between energy expenditure and dietary intake and a sufficient micronutrient status (e.g., vitamin D, calcium, iron) seems to be important. Furthermore, internal (e.g., lesion level, sweat capacity, active muscle mass) and external factors (e.g., heat, humidity, altitude) must be considered when working with this special population. To summarize, CHO intake before, during, and after exercise and an adequate protein intake seem crucial to optimize performance, recovery, and lean body mass. Until studies on macronutrient intake have been carried out before, during, and after exercise, it is important to adhere to the general recommendations from able-bodied athletes and to adapt and tailor those individually.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


I would like to thank Claudio Perret, Fabian Ammann, Anneke Hertig-Godeschalk, and Fabian Grossmann for their valuable and critical feedback on the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



International Paralympic Commitee. About the Pyeongchang 2018 Paralympics. Available online: https://www.paralympic.org/pyeongchang-2018/about (accessed on 2 April 2021).

	



Grobler, L.; Ferreira, S.; Terblanche, E. Paralympic sprint performance between 1992 and 2012. Int. J. Sports Physiol. Perform. 2015, 10, 1052–1054. [Google Scholar] [CrossRef]

	



Burkett, B. Paralympic sports medicine—Current evidence in winter sport: Considerations in the development of equipment standards for paralympic athletes. Clin. J. Sport Med. 2012, 22, 46–50. [Google Scholar] [CrossRef]

	



Tweedy, S.; Howe, P.D. Introduction to the paralympic movement. In The Paralympic Athlete; Wiley Blackwell: Hoboken, NJ, USA, 2011; pp. 1–30. [Google Scholar]

	



Scaramella, J.; Kirihennedige, N.; Broad, E. Key nutritional strategies to optimize performance in para athletes. Phys. Med. Rehabil. Clin. N. Am. 2018, 29, 283–298. [Google Scholar] [CrossRef]

	



Broad, E. Sports Nutrition for Paralympic Athletes; CRC Press: Boca Raton, FL, USA, 2019. [Google Scholar]

	



Willick, S.; Webborn, N. Medicine. In The Paralympic Athlete; Wiley Blackwell: Hoboken, NJ, USA, 2011; pp. 74–88. [Google Scholar]

	



Bhambhani, Y. Physiology. In The Paralympic Athlete; Wiley Blackwell: Hoboken, NJ, USA, 2011; pp. 51–73. [Google Scholar]

	



Price, M. Energy expenditure and metabolism during exercise in persons with a spinal cord injury. Sports Med. 2010, 40, 681–696. [Google Scholar] [CrossRef]

	



Cycling Canada. PARA-CYCLING Event Integration; Cycling Canada: Milton, ON, Canada, 2013; Available online: http://www.cyclingcanada.ca/wp-content/uploads/2012/05/3-Para-Cycling-Event-Integration-updated-2013.pdf (accessed on 2 April 2021).

	



Union Cycliste Internationale. UCI Cycling Regulations: Part 16 Para-Cycling; Union Cycliste Internationale: Aigle, Switzerland, 2020; p. 93. [Google Scholar]

	



Krassioukov, A.; West, C. The role of autonomic function on sport performance in athletes with spinal cord injury. PM&R 2014, 6, S58–S65. [Google Scholar] [CrossRef]

	



Gorgey, A.S.; Dolbow, D.R.; Dolbow, J.D.; Khalil, R.K.; Castillo, C.; Gater, D.R. Effects of spinal cord injury on body composition and metabolic profile—part I. J. Spinal. Cord. Med. 2014, 37, 693–702. [Google Scholar] [CrossRef]

	



Flueck, J.L. Body composition in swiss elite wheelchair athletes. Front. Nutr. 2020, 7, 1. [Google Scholar] [CrossRef] [PubMed]

	



Plasqui, G.; Rietjens, G.; Lambriks, L.; Wouters, L.; Saris, W.H.M. Energy expenditure during extreme endurance exercise: The giro d’italia. Med. Sci. Sports Exerc. 2019, 51, 568–574. [Google Scholar] [CrossRef] [PubMed]

	



Broad, E.M.; Newsome, L.J.; Dew, D.A.; Barfield, J.P. Measured and predicted resting energy expenditure in wheelchair rugby athletes. J. Spinal. Cord. Med. 2019, 43, 388–397. [Google Scholar] [CrossRef]

	



Abel, T.; Kroner, M.; Rojas Vega, S.; Peters, C.; Klose, C.; Platen, P. Energy expenditure in wheelchair racing and handbiking—A basis for prevention of cardiovascular diseases in those with disabilities. Eur. J. Cardiovasc. Prev. Rehabil. 2003, 10, 371–376. [Google Scholar] [CrossRef] [PubMed]

	



Stenqvist, T.B.; Torstveit, M.K.; Faber, J.; Melin, A.K. Impact of a 4-week intensified endurance training intervention on markers of relative energy deficiency in sport (RED-S) and performance among well-trained male cyclists. Front. Endocrinol. 2020, 11, 512365. [Google Scholar] [CrossRef]

	



Grams, L.; Garrido, G.; Villacieros, J.; Ferro, A. Marginal micronutrient intake in high-performance male wheelchair basketball players: A dietary evaluation and the effects of nutritional advice. PLoS ONE 2016, 11, e0157931. [Google Scholar] [CrossRef]

	



Flueck, J.L.; Hartmann, K.; Strupler, M.; Perret, C. Vitamin D deficiency in Swiss elite wheelchair athletes. Spinal Cord 2016, 54, 991–995. [Google Scholar] [CrossRef]

	



Egger, T.; Flueck, J.L. Energy availability in male and female elite wheelchair athletes over seven consecutive training days. Nutrients 2020, 12, 3262. [Google Scholar] [CrossRef] [PubMed]

	



Bernardi, M.; Fedullo, A.L.; Bernardi, E.; Munzi, D.; Peluso, I.; Myers, J.; Lista, F.R.; Sciarra, T. Diet in neurogenic bowel management: A viewpoint on spinal cord injury. World J. Gastroenterol. 2020, 26, 2479–2497. [Google Scholar] [CrossRef] [PubMed]

	



Ruettimann, B.; Perret, C.; Parnell, J.A.; Flueck, J.L. Carbohydrate considerations for athletes with a spinal cord injury. Nutrients 2021, 13, 2177. [Google Scholar] [CrossRef]

	



Compton, S.; Trease, L.; Cunningham, C.; Hughes, D. Australian institute of sport and the australian paralympic committee position statement: Urinary tract infection in spinal cord injured athletes. Br. J. Sports Med. 2015, 49, 1236–1240. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, R.K.; Hildreth, H.G.; Contompasis, S.H.; Goran, M.I. Total energy expenditure in adults with cerebral palsy as assessed by doubly labeled water. J. Am. Diet. Assoc. 1997, 97, 966–970. [Google Scholar] [CrossRef]

	



Jesus, A.O.; Stevenson, R.D. Optimizing nutrition and bone health in children with cerebral palsy. Phys. Med. Rehabil. Clin. N. Am. 2020, 31, 25–37. [Google Scholar] [CrossRef]

	



Scarpato, E.; Staiano, A.; Molteni, M.; Terrone, G.; Mazzocchi, A.; Agostoni, C. Nutritional assessment and intervention in children with cerebral palsy: A practical approach. Int. J. Food Sci. Nutr. 2017, 68, 763–770. [Google Scholar] [CrossRef]

	



Mengelkoch, L.J.; Kahle, J.T.; Highsmith, M.J. Energy costs and performance of transfemoral amputees and non-amputees during walking and running: A pilot study. Prosthet. Orthot. Int. 2017, 41, 484–491. [Google Scholar] [CrossRef] [PubMed]

	



Wright, R.L. Positive pacing strategies are utilized by elite male and female para-cyclists in short time trials in the velodrome. Front. Physiol. 2016, 6, 425. [Google Scholar] [CrossRef] [PubMed]

	



Squarcini, C.F.; Pires, M.L.; Lopes, C.; Benedito-Silva, A.A.; Esteves, A.M.; Cornelissen-Guillaume, G.; Matarazzo, C.; Garcia, D.; da Silva, M.S.; Tufik, S.; et al. Free-running circadian rhythms of muscle strength, reaction time, and body temperature in totally blind people. Eur. J. Appl. Physiol. 2013, 113, 157–165. [Google Scholar] [CrossRef]

	



Skrinar, G.S.; Evans, W.J.; Ornstein, L.J.; Brown, D.A. Glycogen utilization in wheelchair-dependent athletes. Int. J. Sports Med. 1982, 3, 215–219. [Google Scholar] [CrossRef]

	



Vogt, S.; Heinrich, L.; Schumacher, Y.O.; Grosshauser, M.; Blum, A.; König, D.; Berg, A.; Schmid, A. Energy intake and energy expenditure of elite cyclists during preseason training. Int. J. Sports Med. 2005, 26, 701–706. [Google Scholar] [CrossRef]

	



Boer, P.-H.; Terblanche, E. Relationship between maximal exercise parameters and individual time trial performance in elite cyclists with physical disabilities. S. Afr. J. Res. Sport Phys. Educ. Recreat. 2013, 36, 1–10. [Google Scholar]

	



Sporer, B.C.; McKenzie, D.C. Reproducibility of a laboratory based 20-km time trial evaluation in competitive cyclists using the Velotron Pro ergometer. Int. J. Sports Med. 2007, 28, 940–944. [Google Scholar] [CrossRef]

	



Stephenson, B.T.; Stone, B.; Mason, B.S.; Goosey-Tolfrey, V.L. Physiology of handcycling: A current sports perspective. Scand. J. Med. Sci. Sports 2020, 31, 4–20. [Google Scholar] [CrossRef]

	



Abel, T.; Schneider, S.; Platen, P.; Strüder, H.K. Performance diagnostics in handbiking during competition. Spinal Cord 2006, 44, 211–216. [Google Scholar] [CrossRef] [PubMed]

	



Price, M.J.; Campbell, I.G. Thermoregulatory responses of paraplegic and able-bodied athletes at rest and during prolonged upper body exercise and passive recovery. Eur. J. Appl. Physiol. Occup. Physiol. 1997, 76, 552–560. [Google Scholar] [CrossRef]

	



Price, M.J.; Campbell, I.G. Thermoregulatory responses of spinal cord injured and able-bodied athletes to prolonged upper body exercise and recovery. Spinal Cord 1999, 37, 772–779. [Google Scholar] [CrossRef] [PubMed]

	



Knechtle, B.; Kopfli, W. Treadmill exercise testing with increasing inclination as exercise protocol for wheelchair athletes. Spinal Cord 2001, 39, 633–636. [Google Scholar] [CrossRef]

	



Dyer, B. The impact of lower-limb prosthetic limb use in international C4 track para-cycling. Disabil. Rehabil. Assist. Technol. 2018, 13, 798–802. [Google Scholar] [CrossRef] [PubMed]

	



Corbett, J. An analysis of the pacing strategies adopted by elite athletes during track cycling. Int. J. Sports Physiol. Perform. 2009, 4, 195–205. [Google Scholar] [CrossRef]

	



Wang, Y.H.; Huang, T.S.; Liang, H.W.; Su, T.C.; Chen, S.Y.; Wang, T.D. Fasting serum levels of adiponectin, ghrelin, and leptin in men with spinal cord injury. Arch. Phys. Med. Rehabil. 2005, 86, 1964–1968. [Google Scholar] [CrossRef] [PubMed]

	



Joaquim, D.P.; Juzwiak, C.R.; Winckler, C. Diet quality profile of track-and-field paralympic athletes. Int. J. Sport Nutr. Exerc. Metab. 2019, 29, 589. [Google Scholar] [CrossRef]

	



Eskici, G.; Ersoy, G. An evaluation of wheelchair basketball players’ nutritional status and nutritional knowledge levels. J. Sports Med. Phys. Fitness 2016, 56, 259–268. [Google Scholar]

	



Thomas, D.T.; Erdman, K.A.; Burke, L.M. American college of sports medicine joint position statement. Nutrition and athletic performance. Med. Sci. Sports Exerc. 2016, 48, 543–568. [Google Scholar] [CrossRef]

	



Flueck, J.L.; Perret, C. Vitamin D deficiency in individuals with a spinal cord injury: A literature review. Spinal Cord 2016, 55, 428–434. [Google Scholar] [CrossRef] [PubMed]

	



Madden, R.F.; Shearer, J.; Parnell, J.A. Evaluation of dietary intakes and supplement use in paralympic athletes. Nutrients 2017, 9, 1266. [Google Scholar] [CrossRef]

	



Sasaki, C.A.L.; da Costa, T.H.M. Micronutrient deficiency in the diets of para-athletes participating in a sports scholarship program. Nutrition 2021, 81, 110992. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, D.T.; Erdman, K.A.; Burke, L.M. Position of the academy of nutrition and dietetics, dietitians of Canada, and the American college of sports medicine: Nutrition and athletic performance. J. Acad. Nutr. Diet. 2016, 116, 501–528. [Google Scholar] [CrossRef] [PubMed]

	



Williams, R.E., 3rd; Bauman, W.A.; Spungen, A.M.; Vinnakota, R.R.; Farid, R.Z.; Galea, M.; Korsten, M.A. SmartPill technology provides safe and effective assessment of gastrointestinal function in persons with spinal cord injury. Spinal Cord 2012, 50, 81–84. [Google Scholar] [CrossRef]

	



Krogh, K.; Mosdal, C.; Laurberg, S. Gastrointestinal and segmental colonic transit times in patients with acute and chronic spinal cord lesions. Spinal Cord 2000, 38, 615–621. [Google Scholar] [CrossRef] [PubMed]

	



Pritchett, K.; Broad, E.; Scaramella, J.; Baumann, S. Hydration and cooling strategies for paralympic athletes: Applied focus: Challenges athletes may face at the upcoming Tokyo paralympics. Curr. Nutr. Rep. 2020, 9, 137–146. [Google Scholar] [CrossRef]

	



Griggs, K.E.; Stephenson, B.T.; Price, M.J.; Goosey-Tolfrey, V.L. Heat-related issues and practical applications for Paralympic athletes at Tokyo 2020. Temperature 2020, 7, 37–57. [Google Scholar] [CrossRef]

	



Heikura, I.A.; Quod, M.; Strobel, N.; Palfreeman, R.; Civil, R.; Burke, L.M. Alternate-day low energy availability during spring classics in professional cyclists. Int. J. Sports Physiol. Perform. 2019, 14, 1233–1243. [Google Scholar] [CrossRef]

	



van Vliet, S.; Burd, N.A.; van Loon, L.J. The skeletal muscle anabolic response to plant-versus animal-based protein consumption. J. Nutr. 2015, 145, 1981–1991. [Google Scholar] [CrossRef]

	



Hector, A.J.; Phillips, S.M. Protein recommendations for weight loss in elite athletes: A Focus on body composition and performance. Int. J. Sport Nutr. Exerc. Metab. 2018, 28, 170–177. [Google Scholar] [CrossRef]

	



Flueck, J.L.; Parnell, J.A. Protein considerations for athletes with a spinal cord injury. Front. Nutr. 2021, 8, 652441. [Google Scholar] [CrossRef]

	



Jager, R.; Kerksick, C.M.; Campbell, B.I.; Cribb, P.J.; Wells, S.D.; Skwiat, T.M.; Purpura, M.; Ziegenfuss, T.N.; Ferrando, A.A.; Arent, S.M.; et al. International Society of Sports Nutrition Position Stand: Protein and exercise. J. Int. Soc. Sports Nutr. 2017, 14, 20. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, S.M.; Van Loon, L.J. Dietary protein for athletes: From requirements to optimum adaptation. J. Sports Sci. 2011, 29 (Suppl. S1), S29–S38. [Google Scholar] [CrossRef] [PubMed]

	



Asthagiri, H.; Wilson, J.; Frost, F.S. Nutrition in Spinal Cord Injury; Kirshblum, S., Lin, V.W., Eds.; Springer Publishing Company: New York, NY, USA, 2018; Volume 3, pp. 278–317.

	



Spendiff, O.; Campbell, I.G. Influence of pre-exercise glucose ingestion of two concentrations on paraplegic athletes. J. Sports Sci. 2005, 23, 21–30. [Google Scholar] [CrossRef] [PubMed]

	



Goosey-Tolfrey, V.; Paulson, T.; Graham, T. Practical considerations for fluid replacement for athletes with a spinal cord injury. In Fluid Balance, Hydration, and Athletic Performance; CRC Press: Boca Raton, FL, USA, 2016; pp. 333–356. [Google Scholar]

	



Price, M.J.; Campbell, I.G. Effects of spinal cord lesion level upon thermoregulation during exercise in the heat. Med. Sci. Sports Exerc. 2003, 35, 1100–1107. [Google Scholar] [CrossRef]

	



Bell, P.G.; Furber, M.J.; Van Someren, K.A.; Antón-Solanas, A.; Swart, J. The physiological profile of a multiple tour de France winning cyclist. Med. Sci. Sports Exerc. 2017, 49, 115–123. [Google Scholar] [CrossRef]

	



Brook, E.M.; Tenforde, A.S.; Broad, E.M.; Matzkin, E.G.; Yang, H.Y.; Collins, J.E.; Blauwet, C.A. Low energy availability, menstrual dysfunction, and impaired bone health: A survey of elite para athletes. Scand. J. Med. Sci. Sports 2019, 29, 678–685. [Google Scholar] [CrossRef]

	



Blauwet, C.A.; Brook, E.M.; Tenforde, A.S.; Broad, E.; Hu, C.H.; Abdu-Glass, E.; Matzkin, E.G. Low energy availability, menstrual dysfunction, and low bone mineral density in individuals with a disability: Implications for the para athlete population. Sports Med. 2017, 47, 1697–1708. [Google Scholar] [CrossRef]

	



Figel, K.; Pritchett, K.; Pritchett, R.; Broad, E. Energy and nutrient issues in athletes with spinal cord injury: Are they at risk for low energy availability? Nutrients 2018, 10, 1078. [Google Scholar] [CrossRef] [PubMed]

	



Riebl, S.K.; Subudhi, A.W.; Broker, J.P.; Schenck, K.; Berning, J.R. The prevalence of subclinical eating disorders among male cyclists. J. Am. Diet. Assoc. 2007, 107, 1214–1217. [Google Scholar] [CrossRef]

	



Mountjoy, M.; Sundgot-Borgen, J.; Burke, L.; Ackerman, K.E.; Blauwet, C.; Constantini, N.; Lebrun, C.; Lundy, B.; Melin, A.; Meyer, N.; et al. International Olympic Committee (IOC) consensus statement on relative energy deficiency in sport (RED-S): 2018 update. Int. J. Sport Nutr. Exerc. Metab. 2018, 28, 316–331. [Google Scholar] [CrossRef]

	



Stellingwerff, T.; Morton, J.P.; Burke, L.M. A framework for periodized nutrition for athletics. Int. J. Sport Nutr. Exerc. Metab. 2019, 29, 141–151. [Google Scholar] [CrossRef]

	



Tsitsimpikou, C.; Jamurtas, A.; Fitch, K.; Papalexis, P.; Tsarouhas, K. Medication use by athletes during the Athens 2004 Paralympic Games. Br. J. Sports Med. 2009, 43, 1062–1066. [Google Scholar] [CrossRef] [PubMed]

	



Flueck, J.; Perret, C. Supplement use in swiss wheelchair athletes. Schweiz. Z. Sportmed. Sporttraumatologie 2017, 65, 22–27. [Google Scholar]

	



Garthe, I.; Maughan, R.J. Athletes and supplements: Prevalence and perspectives. Int. J. Sport Nutr. Exerc. Metab. 2018, 28, 126–138. [Google Scholar] [CrossRef]

	



Flueck, J.L.; Mettler, S.; Perret, C. Influence of caffeine and sodium citrate ingestion on 1500-m exercise performance in elite wheelchair athletes: A pilot study. Int. J. Sport Nutr. Exerc. Metab. 2014, 24, 296–304. [Google Scholar] [CrossRef] [PubMed]

	



Flueck, J.L.; Lienert, M.; Schaufelberger, F.; Krebs, J.; Perret, C. Ergogenic effects of caffeine consumption in a 3 min all-out arm crank test in paraplegic and tetraplegic compared to able-bodied individuals. Int. J. Sport Nutr. Exerc. Metab. 2015, 25, 584–593. [Google Scholar] [CrossRef]

	



Graham-Paulson, T.S.; Perret, C.; Watson, P.; Goosey-Tolfrey, V.L. Improvement of sprint performance in wheelchair sportsmen with caffeine supplementation. Int. J. Sports Physiol. Perform. 2016, 11, 214–220. [Google Scholar] [CrossRef]

	



Graham-Paulson, T.; Perret, C.; Goosey-Tolfrey, V. Case study: Dose response of caffeine on 20-km handcycling time trial performance in a paratriathlete. Int. J. Sport Nutr. Exerc. Metab. 2018, 28, 274–278. [Google Scholar] [CrossRef]

	



Flueck, J.L.; Schlaepfer, M.W.; Perret, C. Effect of 12-week vitamin D supplementation on 25[OH]D status and performance in athletes with a spinal cord injury. Nutrients 2016, 8, 586. [Google Scholar] [CrossRef]

	



Pritchett, K.; Pritchett, R.C.; Stark, L.; Broad, E.; LaCroix, M. Effect of vitamin D supplementation on 25(OH)D status in elite athletes with spinal cord injury. Int. J. Sport Nutr. Exerc. Metab. 2019, 29, 18–23. [Google Scholar] [CrossRef]

	



Flueck, J.L.; Gallo, A.; Moelijker, N.; Bogdanov, N.; Bogdanova, A.; Perret, C. Influence of equimolar doses of beetroot juice and sodium nitrate on time trial performance in handcycling. Nutrients 2019, 11, 1642. [Google Scholar] [CrossRef]

	



Perret, C.; Mueller, G.; Knecht, H. Influence of creatine supplementation on 800 m wheelchair performance: A pilot study. Spinal Cord 2006, 44, 275–279. [Google Scholar] [CrossRef]

	



Jacobs, P.L.; Mahoney, E.T.; Cohn, K.A.; Sheradsky, L.F.; Green, B.A. Oral creatine supplementation enhances upper extremity work capacity in persons with cervical-level spinal cord injury. Arch. Phys. Med. Rehabil. 2002, 83, 19–23. [Google Scholar] [CrossRef]

	



Marques, C.G.; Santos, V.C.; Levada-Pires, A.C.; Jacintho, T.M.; Gorjão, R.; Pithon-Curi, T.C.; Cury-Boaventura, M.F. Effects of DHA-rich fish oil supplementation on the lipid profile, markers of muscle damage, and neutrophil function in wheelchair basketball athletes before and after acute exercise. Appl. Physiol. Nutr. Metab. 2015, 40, 596–604. [Google Scholar] [CrossRef] [PubMed]

	



Schantz, P.; Sjoberg, B.; Widebeck, A.M.; Ekblom, B. Skeletal muscle of trained and untrained paraplegics and tetraplegics. Acta Physiol. Scand. 1997, 161, 31–39. [Google Scholar] [CrossRef] [PubMed]

	



Schmid, A.; Huonker, M.; Barturen, J.M.; Stahl, F.; Schmidt-Trucksäss, A.; König, D.; Grathwohl, D.; Lehmann, M.; Keul, J. Catecholamines, heart rate, and oxygen uptake during exercise in persons with spinal cord injury. J. Appl. Physiol. 1998, 85, 635–641. [Google Scholar] [CrossRef] [PubMed]

	



Maughan, R.J.; Burke, L.M.; Dvorak, J.; Larson-Meyer, D.E.; Peeling, P.; Phillips, S.M.; Rawson, E.S.; Walsh, N.P.; Garthe, I.; Geyer, H.; et al. IOC consensus statement: Dietary supplements and the high-performance athlete. Int. J. Sport Nutr. Exerc. Metab. 2018, 28, 104–125. [Google Scholar] [CrossRef]

	



Price, M.J. Thermoregulation during exercise in individuals with spinal cord injuries. Sports Med. 2006, 36, 863–879. [Google Scholar] [CrossRef]

	



Jeffries, O.; Waldron, M. The effects of menthol on exercise performance and thermal sensation: A meta-analysis. J. Sci. Med. Sport. 2019, 22, 707–715. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Classification and racing profile in para-cycling athletes.






Table 1. Classification and racing profile in para-cycling athletes.












	Road
	
	
	
	



	Classification
	Impairment
	Race Types
	Yearly Training
	Material



	C1–C5
	Cerebral palsy, amputees, and other conditions who can ride a bike
	
	
Road race (men: 75–100 km; women: 60–75 km)



	
Time trial (men: 25–30 km; women: 20–25 km)





	300–800 h
	Road bike



	T1–T2
	Cerebral palsy, neurological conditions or other athletes who are unable to ride a normal bike
	
	
Road race (men: 30–40 km; women: 30 km)



	
Time trial (men: 15–20 km; women: 15 km)





	350–450 h
	Tricycle



	B
	Visually impaired
	
	
Road race (men: 120 km; women: 100 km)



	
Time Trial (men: 35 km; women: 30 km)





	700–800 h
	Tandem



	H1–H5
	Impairments affecting both legs or a combination of the upper and lower limbs (amputees, paraplegia, tetraplegia)
	
	
Road race (men: 60–80 km; women: 50–80 km)



	
Time trial (men: 20–30 km; women: 20–30 km)



	
Team relay





	250–550 h
	Handcycle



	Track
	
	
	
	



	Classification
	Impairment
	Race Types
	Yearly Training
	Material



	C1–C5
	Cerebral palsy, amputees, and other conditions who can ride a bike
	
	
1000 (men)/500 m (women)



	
Individual pursuit (men: 3000–4000 m; women: 3000 m



	
Team sprint



	
Scratch Race (men: 15 km; women 10 km)





	300–800 h
	Track bike



	B
	Visually impaired
	
	
1000 m (men & women)



	
Individual pursuit (men: 4000 m; women: 3000 m)



	
Sprint 200 m





	700–800 h
	Tandem







Data extracted from Cycling Canada [10] and Union Cycliste Internationale [11].
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Table 2. Energy expenditure during handcycling and arm cranking in individuals with a spinal cord injury.
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	Handcycling
	
	
	
	



	Author
	Group
	Energy Expenditure
	CHO (g/min)
	Fat (g/min)



	Abel, Schneider, Platen and Strüder [36]
	Handbike marathon race (case study)
	7.7 kcal/min
	N/A
	N/A



	Abel, Kroner, Rojas Vega, Peters, Klose and Platen [17]
	Handbiking at 2 mmol/L LT and at 4 mmol/L LT
	2 mmol/L LT: 6.5 kcal/min

4 mmol/L LT: 8.8 kcal/min
	N/A
	N/A



	Arm Cranking
	
	
	
	



	Author
	Group
	Energy expenditure
	CHO (g/min)
	Fat (g/min)



	Price and Campbell [37]
	SCI & AB, 80% HRpeak
	SCI: 6.5 kcal/min

AB: 9.1 kcal/min
	SCI: 1.45

AB: 1.90
	SCI: 0.19

AB: 0.13



	Price and Campbell [38]
	SCI, 60% VO2max
	6.6 kcal/min
	0.95
	0.29



	Knechtle and Kopfli [39]
	SCI (arm crank) & AB (cycling) 55/65/75% VO2peak
	SCI: 6.5/7.5/9.0 kcal/min

AB: 12.5/15.0/17.5 kcal/min
	SCI: 1.1/1.4 /1.6

AB: 1.8/2.2/2.6
	SCI: 0.22/0.22/0.25

AB: 0.55/0.6/0.7







Note: LT = lactate threshold; AB = able-bodied, SCI = spinal cord injury, CHO = carbohydrate oxidation, Fat = fat oxidation, N/A = not applicable.
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Table 3. Example of a nutrition plan for a 50 kg female para-cycling athlete (H3 category) with a spinal cord injury focused on CHO and protein intake.
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	Breakfast (6.30 a.m.)
	2 slices of wholegrain bread, 2 eggs, butter and jam, green tea
	50 g CHO, 15 g protein



	Training Session (8.30 a.m.)
	90 min gym session (strength training)

Water during the session
	



	Post-Training Snack (10 a.m.)
	Whey protein powder with water
	20 g protein



	Lunch (12.15 p.m.)
	Small bowl of rice with vegetables and sliced chicken (60 g)
	50 g CHO, 20 g protein



	Training Session (2 p.m.)
	120 min moderate to high intensity endurance session

1 L sports drink
	90 g CHO (45 g/h),

1 L water (0.5 L/h)



	Post-Training Snack (4.15 p.m.)
	Self-made smoothie with milk, curd cheese or greek yogurt, fruits and oats
	50 g CHO, 15 g protein



	Dinner (6.30 p.m.)
	1 piece of salmon, potatoes cooked in salty water, vegetables, fruit as a dessert
	60 g CHO, 20 g protein



	Daily Consumption
	
	300 g CHO = 6.0 g CHO/kg/d

80 g protein = 1.6 g/kg/d







Note: CHO = carbohydrate, resting energy expenditure = 1450 kcal/d, exercise energy expenditure predicted = 800 kcal.
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Table 4. Nutritional and thermoregulatory considerations for para-cycling athletes.
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Issue

	
Description

	
Recommendation




	
General Fueling

	
Low-intensity training, low volume

	
3 to 5 g CHO/kg/day




	
Moderate intensity training (e.g., 1 h/d moderate to high intensity)

	
5 to 7 g CHO/kg/day




	
High-volume and/or intensity (e.g., 1–3 h/d)

	
6 to 10 g CHO/kg/day




	
Very high-volume, high-intensity training load (e.g., >4–5 h/d)

	
8 to 12 g CHO/kg/day




	
Protein

	
1.2 to 1.8 g/kg/day




	
Pre Session

	
>60 min before the session

	
1 to 4 g CHO/kg (1–4 h before)




	
During Session

	
<45 min

	
No CHO or fluid needed




	
45 to 75 min

	
Water or small amounts of CHO including CHO mouth wash (CHO rinse for 60 s)




	
60 to 150 min

	
30 to 60 g CHO/h; water amount based on individual sweat rate




	
>150 min

	
Up to 90 g CHO/h, a combination of glucose and fructose




	
Post Session

	
CHO reloading

	
1 to 1.2 g CHO/kg/h, for the first 4 h




	
Rehydration

	
150% of fluid losses consumed over the next few hours, using salty snacks in the heat or with “salty sweating” athletes




	
Protein (i.e., repair, muscle protein synthesis)

	
20 to 25 g of high-quality protein (or 0.3 to 0.5 g/kg)




	
Hydration

	
Monitor hydration status via first morning urine (e.g., urine color, USG) or via thirst

	
Pale urine color in the morning, USG <1.020




	
Monitor pre/post-session body weight (cave: wear minimal clothing) to estimate fluid loss and sweat rate

	
Body mass loss <2%

Avoid overdrinking (e.g., no weight gain)




	
Heat

	
Pre-cooling

	
Ice slurry, ice towel, cold water immersion, ice vest (60 to 20min before the exercise)




	
Per-Cooling

	
Ice vests, ice towel, artificial sweating (e.g., water spray), menthol, cooling garments




	
Sweat capacity

	
Sweat capacity impaired in athletes with SCI (i.e., tetraplegia) and amputees → individual strategies to pre-or per-cooling needed




	
Hyperhydration

	
Using a salt or glycerol loading protocol to increase plasma volume (e.g., high sweat rates, salty sweater, hot conditions)








Adapted from [5,6,45,52,53] Note: CHO = carbohydrate, USG = urine specific gravity.
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Table 5. Dietary supplement application in wheelchair athletes adapted from Broad et al. (2019) [6].
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Supplement

	
Author

	
Dosage

	
Protocol

	
Outcome






	
Caffeine

	
Flueck, Mettler and Perret [74]

	
6 mg per kg body mass caffeine

0.5 g per kg body mass sodium citrate

120 min (sodium citrate) and 60 min (caffeine) before a test

	
9 wheelchair athletes

(6 male, 3 female)

4 × 1500 m time trial on wheelchair training roller (placebo, caffeine, sodium citrate, sodium citrate + caffeine)

	
No significant difference in performance




	
Flueck, Lienert, Schaufelberger, Krebs and Perret [75]

	
6 mg per kg body mass caffeine, 60 min before the test

	
17 AB, 10 PA, 7 tetraplegic (all recreationally active)

3 min all-out test at arm crank ergometer

	
Significant higher power output first 30 and 60 s (in AB and PA), average power output over 3 min not significantly altered




	
Graham-Paulson, Perret, Watson and Goosey-Tolfrey [76]

	
4 mg per kg body mass caffeine, 70 min before the test

	
12 wheelchair rugby players

4 × 4 min plus 3 × 3× 20 m sprint

	
Significantly faster sprint performance




	
Graham-Paulson, Perret and Goosey-Tolfrey [77]

	
2, 4 and 6 mg per kg body mass caffeine

Vs. placebo

	
Case study: 1 para-triathlete

20 km time trial

	
TT performance increased by 2, 1.7, and 2.5% compared to the placebo




	
Vitamin D

	
Flueck, Schlaepfer and Perret [78]

	
6000 IU Vitamin D3 over 12 weeks followed by 12 weeks of placebo ingestion

	
20 indoor wheelchair athletes (basketball and rugby);

Wingate test

Isometric strength test

	
Significantly increased vitamin D status; no significant difference in Wingate performance, a significant increase in isometric strength in the non-dominant arm




	
Pritchett, Pritchett Stark, Broad and LaCroix [79]

	
<50 nmol/L: 50,000 IU/week for 8 weeks

50–75 nmol/L: 35,000 IU/week for 4 weeks

Maintenance 15,000 IU/week

>75 nmol/L: 15,000 IU/week

	
34 wheelchair athletes

Handgrip strength

20 m sprint performance

	
91% of the athletes showed a sufficient vitamin D status, a significant increase in handgrip strength

No change in sprint performance




	
Beetroot juice

	
Flueck, Gallo, Moelijker, Bogdanov, Bogdanova and Perret [80]

	
6 mmol beetroot juice or sodium nitrate or water (placebo)

	
8 handcyclists (category H2 to H4)

10 km time trial

	
Significant increase in plasma nitrate and nitrite concentrations, no significant effect on time to complete the trial




	
Creatine monohydrate

	
Perret, Mueller and Knecht [81]

	
4 × 5 g/day for 6 days

	
6 wheelchair athletes (4 male, 2 female)

800 m time trial

	
No significant differences in performance, lactate concentration, and heart rate




	
Jacobs, Mahoney, Cohn, Sheradsky and Green [82]

	
4 × 5 g/day for 7 days

	
16 untrained patients with a chronic tetraplegia

VO2peak test at the arm-crank ergometer

	
Significant increase in VO2peak (+17.4%) and peak power (+6.7%)




	
Carbohydrate

	
Spendiff and Campbell [61]

	
600 mL of a low (4%) and a high (11%) carbohydrate drink, 20 min before exercise

	
8 male wheelchair athletes; 1 h exercise at 65% VO2peak followed by 20 min time trial

	
The tendency for a greater performance




	
Fish-oil

	
Marques et al. [83]

	
3 g fish oil (1500 mg

DHA, 300 mg EPA) per day for 30 days

	
8 male wheelchair basketball players; inflammation markers before and after exercise

	
Reduced markers of muscle damage, inflammatory disturbances, and neutrophil death








Note: AB = able-bodied, PA = paraplegic participant.
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Table 6. Practical application of nutritional assessments and interventions in para-cycling athletes with different impairments.
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	Issue
	Description
	Recommendation





	Energy needs
	Evaluation of energy needs based on the physiological adaptations because of the disability
	Measurement of resting energy expenditure by indirect calorimetry

Sport-specific measurement of exercise energy expenditure by indirect calorimetry or estimation of metabolic cost based on available scientific literature

Plan energy intake based on a training schedule to ensure optimal performance and adaptation



	Body composition
	Monitoring of body composition to track balance between energy needs and dietary intake
	Use DXA measurement or sum of skinfolds to monitor

No specific equation for athletes with a disability (e.g., to estimate fat-free mass based on skinfold)



	Micronutrient status
	Monitoring of micronutrient intake and status as athletes with a disability seems to be at a higher risk for micronutrient deficiencies
	Monitor micronutrient intake through a food diary

Monitor vitamin D (25[OH]D) and ferritin levels regularly



	Supplement use
	Education of the athletes concerning the list of prohibited substances

Impairment-specific use of supplements

Drug-supplement interactions
	Use of supplements based on given scientific evidence

Test the supplement during a training session (i.e., GI issues, mechanisms of action, objective and subjective measures, performance)

Ask for the medication list of the athlete, review the existing literature on drug-supplement interactions

Review patient history (or consult a physician) to ensure safe application



	Secondary complications
	Prevention of secondary complications such as urinary tract infections, GI issues, respiratory tract infections, and pressure ulcers (most common secondary complications in Paralympic athletes)
	Educate the athletes on how to prevent secondary complications

Regular monitoring of skin surface

Monitor hydration status (as recommended in Table 4)

Use of prevention measures (e.g., pro-and prebiotics, cranberry juice)

Monitoring of illness and injury by using a weekly screening questionnaire before a major competition to ensure early detection of complications







DXA = Dual-Energy X-ray absorptiometry, GI = gastrointestinal.
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